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The study of the production of glycerol ethyl acetal, through the acetalization of glycerol with acetalde-
hyde in a simulated moving bed reactor requires the selection of a suitable solvent/desorbent for the pro-
cess. The methodology described in this paper, based on reaction, adsorption and environmental
variables, lead to the identiﬁcation of dimethyl sulfoxide as the solvent that best ﬁtted the speciﬁcations
of such reactive–adsorptive processes. Furthermore, a detailed study of the acetalization of glycerol in the
presence of this solvent and using Amberlyst-15 as catalyst, allowed the determination of its reaction
activation energy, 77.7 kJ mol1. The reaction rate was described by a Langmuir–Hinshelwood–Hou-
gen–Watson model, and was obtained from batch experiments with a complete model considering dif-
fusion inside the catalyst particles.
 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction glycerol ethyl acetal (GEA), has evidenced the potential to reduceFor the past few years, biodiesel has been suggested as a reliable
renewable alternative for fossil fuels, mainly due to its reduced
toxicity and exhaust emissions. However, the intensiﬁcation of
the production of these fatty acid esters [1] lead to an excess of
glycerol in the market, since it is a byproduct obtained in approx-
imately 10%, wt/wt, motivating the research and development of
several glycerol-based products [2–4].
Glycerol-acetals have shown interesting results as green oxy-
genated fuel additives [3,5,6]. Within this family of compounds,exhaust gases particle emissions [7,8] and control of fuel ﬂuid
properties [9–13]. However, it must be mentioned that GEA might
not be a suitable gasoline additive, due to the existence of solubil-
ity problems [14]. On the other hand, this problem was not veriﬁed
for diesel or biofuels [15,16].
Researchers have reported the acetalization of glycerol with
acetaldehyde [17–24] and the transacetalization of glycerol with
1,1-diethoxyethane (DEE) [8,25–28] as the two main reaction
pathways for the synthesis of GEA. In both cases an isomeric mix-
ture containing cis-5-hydroxy-2-methyl-1,3-dioxane, trans-5-hy-
droxy-2-methyl-1,3-dioxane, cis-4-hydroxymethyl-2- methyl-1,3-
dioxolane, and trans-4-hydroxymethyl-2-methyl-1,3- dioxolane
is obtained. However, the direct condensation of glycerol with
Nomenclature
Cb,i molar concentration of compound i in the bulk
(mol dm3)
Cp,i molar concentration of compound i in the intraparticle
ﬂuid (mol dm3)
Deff,i compound i effective diffusion coefﬁcient (cm2 s1)
Ea reaction activation energy (kJ mol1)
DG0 standard reaction Gibbs free energy (kJ mol1)
DHS,W water enthalpy of adsorption (kJ mol1)
DHS,DMSO dimethyl sulfoxide enthalpy of adsorption (kJ mol1)
Keq reaction equilibrium constant (–)
kc reaction kinetic constant (dm
6 mol1 g1cat s
1)
kc0 Arrhenius pre-exponential factor for the reaction kinetic
constant (dm6 mol1 g1cat s
1)
KS,W water adsorption equilibrium constant (dm3 mol1)
KS;W0 Van’t Hoff pre-exponential factor for water adsorption
equilibrium constant (dm3 mol1)
KS,DMSO dimethyl sulfoxide adsorption equilibrium constant
(dm3 mol1)
KS;DMSO0 Van’t Hoff pre-exponential factor for dimethyl sulfoxide
adsorption equilibrium constant (dm3 mol1)
NP total number of measurements for a kinetic experiment
(–)
NE number of kinetic experiments performed (–)
P pressure bar
r radial position (cm)
rAcet/Gly reactants initial molar ratio (–)
qads adsorbed molar amount (mol L
1
cat)
R ideal gas constant (J mol1 K1)
R2 correlation coefﬁcient (–)
Rp catalyst particle radius (lm)
R reaction rate based on the local intraparticle composi-
tion (mol g1cat s
1)
T temperature (K)
t time (min)
wtcat/wt catalyst weight percentage (%)
xi molar fraction of compound i (–)
Xexpij jth point for the conversion measured in experiment i (–
)
Xmodij jth point for the conversion in experiment predicted by
the model i (–)
eb bulk porosity (–)
ep catalyst particle porosity (–)
mi compound i stoichiometric coefﬁcient (–)
qp catalyst particle solid density
Abbreviations
DEE 1,1-diethoxyethane
GEA glycerol ethyl acetal
SMBR simulated moving bed reactor
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but it also has a higher mass efﬁciency and only makes use of
reactants obtained from biomass, presenting itself as a more inter-
esting route for the synthesis of GEA. Nonetheless, this route still
presents some drawbacks. On one hand, this is a thermodynami-
cally limited reaction. On the other hand, as the product is in-
tended to be applied as a fuel additive, the water formed as a
secondary product during the synthesis step must only be present
in residual amounts in the ﬁnal product. Therefore, the assay re-
quired for GEA might imply signiﬁcant separation costs.
The concept behind multifunctional reactors, which integrate
reaction and separation processes within a single unit, relies on
the equilibrium displacement promoted by the continuous re-
moval of the products from the reaction media, favouring products
formation and, therefore, increasing conversion. These hybrid tech-
nologies are able to improve selectivity towards a product and also
have the potential to reduce capital investment and energy con-
sumption. In what concerns acetals production, very satisfactory
results have been obtained with the simulated moving bed reactor
(SMBR) [29]. The production of 1,1-dimethoxyethane [30], DEE
[31–32] and 1,1-dibuthoxyethane [33] was achieved by the direct
acetalization of methanol, ethanol and butanol with acetaldehyde,
respectively, in a SMBR where the chromatographic columns
where packed with Amberlyst-15 that acted both as catalyst and
adsorbent. Thus, the SMBR might be a suitable technology for the
production of GEA from glycerol and acetaldehyde, once it will
be able to shift the reaction thermodynamic equilibrium and,
simultaneously, remove the undesired water from the ﬁnal prod-
uct stream as veriﬁed for the previous acetalizations in this multi-
functional reactor.
In most SMBR applications reported in the open literature, one
of the reactants was used as solvent; however, in the GEA synthesis
by direct condensation of glycerol with acetaldehyde, this method-
ology cannot be applied. Glycerol, due to its high viscosity would
signiﬁcantly increase the pressure drop in the operation unit as
well as add a mass transfer resistance to the system. Plus, its high
boiling point would represent an increase in the ﬁnal productpuriﬁcation costs. Acetaldehyde, on the other hand, in the presence
of an acid catalyst will undergo oligomerization reactions [34],
thus in order to decrease the possibility of side-products forma-
tion, acetaldehyde amount must be kept as low as possible. There-
fore, another compound must be selected as solvent and particular
attention was given to the analysis of parameters related to its
reactivity and physical properties with focus on adsorption. As
far as our knowledge goes, although some systematic solvent
screening methodologies have been published, none was speciﬁ-
cally focused on SMBR. They are either for generic organic
synthesis processes [35–37], for simpler chromatographic systems
[38–40] or mainly oriented for the identiﬁcation of "green"
solvents [41–43].
Therefore, the work herein reported, presents a ﬁrst approach
for a simple but expeditious solvent screening methodology for
reactive–adsorptive processes, such as the SMBR. A compilation
of signiﬁcant physical–chemical properties of a large list of the
most common solvents for chemical processes was performed
and the list was sequentially reduced based on theoretical param-
eters related with reactive–adsorptive processes requirements.
Miscibility, adsorption and reaction experimental tests were per-
formed with the solvents that presented the best results of the the-
oretical screening, allowing the selection of a suitable solvent for
the production of GEA in a SMBR.
Finally, a kinetic model was proposed for the direct condensa-
tion of glycerol with acetaldehyde in the presence of the selected
solvent. A parametric study comprising a wide range of operating
conditions was performed in order to determine the kinetic param-
eters for this reaction. The results were compared with the solvent
free reaction for the synthesis of GEA.
2. Experimental
2.1. Chemicals and catalyst
The chemicals used in the experimental tests were
acetaldehyde (>99%), glycerol (>99%), acetonitrile (>99%) and
Table 1
Kinetic experiments operating conditions.
Exp.
No.
Stirring
speed
(rpm)
Temperature
(K)
Initial
reactants
molar ratio
Solvent
molar
fraction (n/
n)
Catalyst
loading
(wt%)
1 700 323 1.00 0.50 0.15%
2 500 303 1.00 0.50 0.15%
3 500 323 1.00 0.50 0.15%
4 500 323 1.00 0.50 0.30%
5 500 343 1.00 0.50 0.30%
6 500 323 0.50 0.50 0.15%
7 500 323 2.01 0.50 0.30%
8 500 323 1.00 0.25 0.15%
9 500 323 1.00 0.75 0.30%
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and dimethyl sulfoxide (>99%) purchased from VWR International.
Rohm & Haas Amberlyst-15 ion exchange resin was used as cat-
alyst. As water adsorbs strongly on Amberlyst-15 and it can lead to
a decrease of the reaction rate, since it is a product of the reaction,
anhydrous resin must be used on adsorption and reaction tests.
Hence, the resin was washed several times with deionized water,
then washed with ethanol and dried at 363 K until the mass re-
mained constant, prior to its use.
2.2. Solvent selection methodology for reactive–adsorptive process
The solvent selection methodology developed comprises misci-
bility, reactivity, adsorption and kinetic tests with the solvents that
were selected after a ﬁrst theoretical screening.
2.2.1. Miscibility tests
Miscibility tests were performed by preparing several binary
mixtures containing the solvent and one of the reactants to which
water or GEA was added in low amounts until phase split or the
formation of a single phase system was observed (depending on
if the initial binary mixture presented one or two phases, respec-
tively). The tests were performed in 5 mL closed test-tubes kept
at 313 K by a water bath (LAUDA, Lauda–Konigshofen, Germany).
The samples were initially stirred in a vortex mixer and then al-
lowed to stand to promote the phase separation.
2.2.2. Adsorption tests
Amberlyst-15 adsorption capacity towards water, GEA and the
solvents, was estimated through swelling experiments performed
in 10 mL graduated cylinders where a known amount of sorbent
(approximately 1.0 g) was put in contact with 5 mL of sorbate at
a constant temperature of 293 K (temperature was kept this low
in order to avoid evaporation) for a period of 48 h. The ﬁnal sorbent
volume was registered. The sorbent was ﬁltered and weighted and
its adsorption capacity for a given compound was considered to be
an approximation of its mass difference between the beginning
and the end of the experiments. The procedure was performed at
least three times for each compound.
2.2.3. Reaction tests
Batch reactions were carried out in a 150 mL stainless steel ves-
sel, equipped with a sampling valve and temperature and pressure
sensors, operating at 313 K and 5 bar. A magnetic hotplate stirrer
with external temperature control was used to supply heat and
to stir the reaction mixtures composed by 25 mmol of acetalde-
hyde and glycerol diluted in 50% of solvent (molar basis). Amber-
lyst-15 (1.0 wt%) was used as catalyst. The experiments were
carried out for 5 h. Samples were collected at predeﬁned time
intervals and analysed in a gas chromatograph (Shimadzu, GC
2010 Plus) using a thermal conductivity detector. Helium N50
(38.5 mL min1) was used as the carrier gas for the separation of
the compounds in a CPWax57CB column (25 m  0.53 mm i.d.,
ﬁlm thickness of 2.0 lm). The proper column temperature program
was deﬁned for each solvent.
2.3. Detailed kinetic study: set-up and experimental procedure
The determination of the kinetics of the acetalization of glycerol
with acetaldehyde in the presence of the selected solvent was car-
ried out in a closed glass-jacketed 1 L vessel (Buchi Laboratory
Equipment, Flawil, Switzerland), mechanically stirred and
equipped with a blow-off valve, pressure and temperature sensors.
The reactor was operated in batch mode and its temperature was
controlled through a water bath (LAUDA, Lauda–Konigshofen,
Germany).The kinetic study was performed evaluating the effect of param-
eters such as stirring speed (500 rpm and 700 rpm), temperature
(303 K, 323 K and 358 K), initial acetaldehyde to glycerol molar ra-
tio (0.5, 1.0 and 2.0), solvent molar fraction (0.25, 0.5 and 0.75) and
catalyst loading (0.15 and 0.3 wt% of the total reaction medium
mass), according to the experiments described in Table 1.
The pressure was set to 8.0 bar with helium for all the experi-
ments. Vapour–liquid equilibrium calculations indicated that at
this pressure, even at the higher operating temperature, the molar
amount of the reaction medium species in the vapour phase would
not exceed 0.5% of the total molar amount introduced in the reac-
tor and, therefore, the vapour phase would be mainly constituted
by helium.
Each reaction kinetic experiment was performed only once in
order to keep the tests manageable and due to high reactants
consumption.
All the samples collected were analysed in the previously de-
scribed gas chromatograph by injecting 0.8 lL of sample (split ratio
of 15.0). Helium N50 was used as the carrier gas at a ﬂow rate of
38.5 mL min1. The temperatures of the injector and thermal con-
ductivity detector were set to 573 K. The column was initially kept
at 373 K for 1 min and its temperature was then increased at a rate
of 120 K min1 until it reached 493 K and held constant at that va-
lue for the following 6 min. After this period the column tempera-
ture was decreased to 463 K at a rate of 30 K min1. The total
analysis time was 60 min.
3. Results and discussion
3.1. Solvent selection for reactive–adsorptive processes
As previously stated, none of the reactants of the GEA synthesis
by means of glycerol acetalization can be used as solvent in the
SMBR technology. Therefore, a four stage methodology was devel-
oped and applied for the selection of the most suitable solvent for
the production of this acetal by reactive–adsorptive processes. For
that purpose, a typical set of operating conditions was deﬁned and
an extensive bibliographic review was conducted in order to iden-
tify common solvents used in similar processes. The process tem-
perature was assumed to be 313 K, at a pressure of 5 bar and the
initial reaction medium composition was established as
0.25:0.25:0.50, in terms of molar fractions of acetaldehyde, glyc-
erol and solvent, respectively.
3.1.1. Theoretical based solvent screening
The list of approximately 100 solvents elaborated was reduced
considering three major process variables: solvent reactivity, sol-
vent physical state at the reaction conditions and hypothetical
phase split promoted by the use of the solvent. Solvents that have
162 R.P.V. Faria et al. / Chemical Engineering Journal 233 (2013) 159–167been reported as reactive with any of the reactants or products of
the selected synthesis route, such as alcohols, aldehydes, ketones
and carboxylic acids, were eliminated from the primary list.
Due to operational requirements of the SMBR unit, the solvent
to be used should, preferably, be at the liquid state. Making use
of published data in the open literature the melting point of each
solvent was compiled and its boiling point determined through
the Antoine equation [44], at the previously mentioned pressure
values. Applying a safety factor of ±10 K to the phase change tem-
peratures considered, the solvents for which the melting point was
above 303 K and the boiling point was below 323 K were excluded
from the screening.
In the following solvent screening step, Aspen Plus software
was used to estimate miscibility of the solvent with the initial reac-
tion medium at the deﬁned operating conditions, considering the
UNIFAC model for computing the activity of each species. If the
area of the miscibility region of the ternary phase diagram for a
speciﬁc solvent was lower than 75% that solvent was excluded
from the solvents list. It must be noticed that due to lack of data
for 1,3-dioxolane, chloroform, dimethyl sulfoxide and n,n-dimeth-
ylformamide, these solvents could not be excluded.
When designing an industrial process two main questions must
be considered: process performance and process impact. Regarding
the studied process, the acetalization reaction catalyzed by an ion
exchange resin in a SMBR unit, one can promptly conclude that
polarity will be a key performance parameter. On one hand, a
highly polar medium favours the acetalization reaction once its
rate determining step is the formation of a cation from the proton-
ated hemi-acetal [23], and polar media allow the stabilization of
the intermediate cations [45]. On the other hand, as an ion ex-
change resin will be used as catalyst/adsorbent, the sorption prop-
erties of the solvents can be roughly approximated by their
polarity. Water is a highly polar compound and will adsorb in large
amounts in Amberlyst-15; thus, the decrease of solvent consump-
tion (that acts as desorbent), will be favoured if a highly polar sol-
vent is chosen. In ideal terms, the polarity of the solvent should be
somewhere between the polarity of water and that of GEA. For that
reason, the solvents remaining in study from the previous pre-
selection steps were ranked (Table 2) considering a weight of
50% for process performance parameters (25% for dipole moment
and 25% for dielectric constant) and 50% for process impact param-
eters (25% for lethal dose, LD50, and NFPA health hazard classiﬁca-
tion; and 25% for octanol–water partition coefﬁcient, log Pow, and
persistence time in evaluative environment). For each variable, a
score of 100% was attributed to the solvent that presented the
higher value for that variable and a score of 0% for the lower, if
the variable analysed is intended to be maximized. All the other
solvents were scored proportionally. The inverse scoring procedure
was applied to variables that were intended to be minimized.Table 2
Rank of solvents by process performance and process impact, based on their properties [4
Solvent Dipole moment (D) Dielectric constant LD50
Dimethyl sulfoxide 3.96 46.45 1450
Acetonitrile 3.92 37.50 246
N,N-dimethylformamide 3.82 38.00 280
Acrylonitrile 3.87 33.00 7
Dimethyl carbonate 0.91 3.09 1300
Ethyl acetate 1.78 6.02 562
Methyl acetate 1.68 6.68 500
1,3-Dioxolane 1.45 7.34 300
Dichloromethane 1.60 9.10 160
Tetrahydrofuran 1.63 7.58 165
1,2-Dimethoxyethane 1.71 2.00 77
Chloroform 1.01 4.81 69
1,4-Dioxane 0.00 2.21 420
Tetrachloromethane 0.00 2.20 235In order to keep experimental tests practicable the list was
shortened, including only the solvents that had a score above
50%. However, as acrylonitrile has a severe health hazard (as can
be conﬁrmed through its NFPA health classiﬁcation – maximum
hazard classiﬁcation – and through its Material Safety Data Sheet)
it was also excluded. Therefore, dimethyl sulfoxide, acetonitrile,
n,n-dimethylformamide were the solvents selected for further
experimental tests.
3.1.2. Experimental based solvent selection
3.1.2.1. Miscibility tests. In an attempt to assess the miscibility of
the solvents selected from the previous screening steps with the
compounds present in the reaction medium, ternary mixtures con-
taining one of the reactants, one of the products and one solvent
were prepared. Both dimethyl sulfoxide and n,n-dimethylformam-
ide have proven to be miscible with all of the reaction species. Ace-
tonitrile, however, presented some miscibility problems with
glycerol as can be observed in Fig. 1. This fact represents a handi-
cap of acetonitrile against the remaining solvents since it is ex-
pected to originate additional mass transfer resistances.
3.1.2.2. Adsorption tests. As previously mentioned, adsorption is
one of the key parameters to be analysed when dealing with SMBR
technology. It is known that the performance of these units, for in-
stance in terms of desorbent consumption, is improved if the sol-
vent presents an high adsorption capacity but preferably
between the values observed for the two products that have to
be separated. For this particular system, the adsorption capacity
of Amberlyst-15 towards the solvent should be higher than to-
wards GEA and lower than for water. The results for the swelling
tests performed are presented in Fig. 2.
As it can be concluded form Fig. 2, all the three tested solvents
present adsorption capacities between water and GEA. However,
dimethyl sulfoxide presents a slightly higher adsorption value than
the rest of the solvents. Therefore it is expected that dimethyl sulf-
oxide will lead to the minimum desorbent consumption in the
SMBR unit.
3.1.2.3. Reaction tests. The ﬁrst objective was to verify that none of
the solvents would react with any of the species of the reaction
media. Furthermore, for the assessment of the inﬂuence of the
presence of the solvents in the kinetics of the reaction between
glycerol and acetaldehyde, experimental tests were carried out.
The results are presented in Fig. 3.
As Fig. 3 shows, dimethyl sulfoxide, n,n-dimethylformamide
and acetonitrile present similar kinetic performances, achieving
conversions of above 50% after 100 min. Moreover, no secondary
products were observed during the experiments. Although
equilibrium results are not represented in Fig. 3 (for a better4].
(mg/kg) Log Pow Persistence time (h) NFPA health Score (%)
0 1.350 573 1 82
0 0.340 347 2 68
0 1.010 438 2 67
8 0.250 258 3 60
0 0.230 185 2 41
0 0.730 264 2 39
0 0.180 277 2 38
0 0.370 310 2 37
0 1.250 186 2 36
0 0.460 293 2 35
5 0.210 354 2 32
5 1.970 189 2 29
0 0.270 350 2 24
0 2.830 177 3 18
Fig. 1. Ternary phase diagram for glycerol:acetonitrile:water and glycerol:acetoni-
trile:GEA mixtures, in molar compositions at 313 K.
Fig. 2. Adsorption tests on Amberlyst-15.
Fig. 3. Comparison of the performance of the solvents on the kinetics of the
acetalization of glycerol (T = 313 K; P = 5 bar; racet/gly = 1.0; xsolv = 0.5; cat. loading of
2.0 wt% of the total reactants mass; 500 rpm).
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dimethylformamide has a lower equilibrium conversion (approxi-
mately 85%) than the other solvents, for which the conversion
achieved was similar (slightly above 90%), due to the effect of the
non-ideality of the mixtures.In summary, one can say that the application of the methodol-
ogy herein developed to the production of GEA in a SMBR lead to
the identiﬁcation of dimethyl sulfoxide as the most appropriate
solvent for this process, as shown by the theoretical as well as
the experimental part of the screening procedure implemented.
Besides its reduced environmental impact and health hazard, this
solvent is completely miscible with the reaction mixture in oppo-
sition to acetonitrile. On the other hand, it presents the higher
adsorption capacity, which will minimize its consumption in the
SMBR unit, without having any negative impact on the kinetics
of the reaction or the equilibrium compositions when compared
with the remaining solvents. However, a more detailed description
of the kinetics of the acetalization of glycerol in the presence of di-
methyl sulfoxide will be of signiﬁcant relevance for a correct eval-
uation of the SMBR process with this solvent. Therefore, the results
of the study of the kinetics of this reaction are presented in the
next section.
3.2. Kinetic study in the presence of the selected solvent
An experimental parametric study (summarized in Table 1) was
performed in an isothermal batch reactor in order to determine the
kinetic parameters for the acetalization of glycerol catalysed by
Amberlyst-15, in the presence of dimethyl sulfoxide.
For kinetic modelling purposes, an assessment of the mass
transfer limitations was required. Concerning mass transfer
limitations inside the catalyst, as previously reported in the open
literature [46–50], a bidisperse pore size distribution, containing
micro- and macropores, was suggested for Amberlyst-15. In the
model adopted the reactants diffuse through the macropores,
adsorb in its walls and then diffuse through microspheres
(homogeneous gel particles) adsorbing in its active sites where
they react. Mass transport phenomena at the microspheres can
be considered inﬁnitely fast and, therefore, the internal mass
transfer resistance can be limited to the diffusion through the
macropores [46,48]. On the other hand, it was determined that
for the studied reaction system a stirring speed of 500 rpm could
signiﬁcantly reduce external mass transfer resistances to the point
that they became negligible.
The mathematical model implemented comprises the mass bal-
ance to the bulk and intraparticle ﬂuid given by Eqs. (1) and (2),
respectively.
dCb;i
dt
¼  3
Rp
1 eb
eb
 
Deff ;i
@Cp;i
@r

r¼Rp
ð1Þ
ep
@Cp;i
@t
¼ 1
r2
@
@r
Deff ;ir2
@Cp;i
@r
 
þ ð1 epÞmiqpR ð2Þ
Species i (i = acetaldehyde, glycerol, water, GEA, dimethyl sulf-
oxide) molar concentrations in the bulk and intraparticle ﬂuid
are represented by, Cb,i and Cp,i, respectively; mi and Deff,i are its stoi-
chiometric and effective diffusion coefﬁcients (computed as de-
scribed elsewhere [24]); R is the reaction rate based on the
composition along the catalyst radius, r; eb is the bulk porosity;
Rp, ep and qp represent the catalyst particle radius (342.5 lm
[55]), porosity (0.36 [56]) and solid density (1016 kg m3 [55]).
Eqs. (3)–(6) deﬁne the initial and boundary conditions consid-
ered for this model.
t ¼ 0! Cb;i ¼ Cb;i0 ð3Þ
t ¼ 0! Cp;i ¼ Cp;i0 ð4Þ
r ¼ 0! @Cp;i
@r
¼ 0 ð5Þ
Table 3
Kinetic parameters estimated for the acetalization of glycerol in presence of dimethyl
sulfoxide.
Parameter (units) Estimated Value Standard Error
Ea (kJ mol1) 77.7 0.8
kc0ðdm6 mol1 g1cat s1Þ 5.97  10
8 1.06  108
KS,W (dm3 mol1) 3.45  101 5.4  102
KS,DMSO (dm3 mol1) 1.06  101 1.9  102
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
r¼Rp ð6Þ
The reaction rate of acetaldehyde with glycerol [24], as well as
with several linear chain alcohols [50–53], has been described by
several authors by a Langmuir–Hinshelwood–Hougen–Watson
model. This model assumes the adsorption of both reactants, fol-
lowed by a surface reaction that originates a hemi-acetal. Two sub-
sequent surface reactions will lead to the formation of adsorbed
water and acetal. The ﬁnal step is the desorption of both products.
The surface reaction leading to the formation of the adsorbed
hemi-acetal is considered as the rate determining step. Previous
authors have suggested that water adsorption is signiﬁcantly high-
er than that of the remaining reaction species and, consequently,
the adsorption of those species could be neglected. However, for
this system, as dimethyl sulfoxide is the major compound and it
is a very polar solvent (which indicates that it will adsorb strongly
on Amberlyst-15), its adsorption must also be considered. Eq. (7)
presents the simpliﬁed rate expression used to describe the exper-
imental data, taking into account the previous considerations.
R ¼ kc
CAcCGly  CGEACWKeq
 
1þ KS;WCW þ KS;DMSOCDMSOð Þ2
ð7Þ
In this equation, Keq represents the reaction thermodynamic
equilibrium constant, kc, the reaction kinetic constant and KS,W
and KS,DMSO the adsorption equilibrium constants for water and di-
methyl sulfoxide, respectively.
The kinetic constant depends on temperature according to
Arrhenius law (Eq. (8)),
kc ¼ kc0 exp 
Ea
RT
 
ð8Þ
where Ea, represents the reaction activation energy and kc0 , is the
pre-exponential term.
The equilibrium constants depend on temperature according to
Van’t Hoff law (Eqs. (9)–(11)),
Keq ¼ exp DG
0
RT
 !
ð9Þ
KS;W ¼ KS;W0 exp 
DHS;W
RT
 
ð10Þ
KS;DMSO ¼ KS;DMSO0 exp 
DHS;DMSO
RT
 
ð11Þ
where DG0, is the reaction free Gibbs energy, DHS,W and DHS,DMSO
are the adsorption enthalpies for water and dimethyl sulfoxide
and KS;W0 and KS;DMSO0 , are the pre-exponential terms. From previous
work [24], computing the thermodynamic equilibrium constant in
terms of composition, a value of 12.95 kJ mol1 was determined
for DG0.
The studied reaction system comprises a non-ideal mixture.
However, for modelling purposes, it was impossible to account to
this factor due to the absence in the open literature, as far as our
knowledge goes, of the necessary binary interaction parameters
between the species present in the reaction mixture. Although
the ﬁrst bibliographic references to the synthesis of GEA are dated
to 1865 [17], the study of the non-ideality of the species involved
in the different synthesis routes has been neglected by the scien-
tiﬁc community. As a consequence, no binary interaction parame-
ters involving GEA have been published so far. Without this data it
is impossible to determine the activity coefﬁcients of each species
with the most common methods such as Wilson, NRTL or UNI-
QUAC. For the solvent free condensation of glycerol with acetalde-
hyde [24], the determination of the activity coefﬁcients wasreported using the UNIFAC group contribution method. However,
when dimethylsulfoxide is used as solvent in this reaction, the
UNIFAC model cannot be applied since the binary interaction
parameter between the aldehyde group and dimethyl sulfoxide
does not exist in the open literature.
The model equations presented were solved with gPROMS
(General Process Modelling System, version 3.4.0) using one of its
integrated solvers, DASOLV, discretizing the radial dimension in
28 non uniform intervals and making use of a second order cen-
tered ﬁnite-difference method. The determination of the unknown
parameters, Ea, kc0 , DHS,W , KS;W0 , DHS,DMSO and KS;DMSO0 , was carried
out using the ‘‘Parameter Estimation’’ tool and ﬁtting the experi-
mental data by the maximum-likelihood method, assuming a con-
stant variance model and setting the estimation tolerance to 105.
For the determination of the errors associated to the parameters
estimated a Jackknife methodology [54] was applied, considering
8 groups of experiments where one experiment was removed from
the original set of experiments (experiment 1 was not taken into
account since no external mass transfer limitations were observed
and, therefore, the results are similar to those obtained in experi-
ment 3, and it was considered that the same ‘‘weight’’ should be gi-
ven to every experiment, representing a unique set of operating
conditions, on the parameter estimation procedure).
The estimation of the six parameter for the model previously
described led to large standard errors. For instance, the standard
errors for the pre-exponential factors from the Arrhenius and the
Van’t Hoff laws achieved almost 100% of its absolute values. Thus,
the number of parameters to be estimated had to be reduced. Since
the range of operating temperatures can be considered narrow
(40 K), the effect of temperature on the adsorption equilibrium
was considered negligible and Eqs. (10) and (11) were removed
from the ﬁnal model. This assumption was based on the results
published for other acetalization reaction between acetaldehyde
and several alcohols [24,51–53], described by a LHHW rate law,
in which it is possible to observe a more signiﬁcant temperature
dependence of the kinetic constant when compared to the adsorp-
tion constant. For instance, for the acetalization leading to the syn-
thesis of 1,1-dibutoxyethane [53], considering a temperature range
from 303 K to 343 K, the water adsorption constant is expected to
decrease to approximately one third of its value, while the increase
of the reaction kinetic constant reaches ten times its value from the
lower to the higher temperature. The parameters determined and
the corresponding errors are presented on Table 3.
The reaction rate is favoured by the increase of temperature. As
expected, Fig. 4 shows that both the experimental results, obtained
in the range of 303–343 K, and the model present a higher reaction
rate for higher temperatures.
Moreover, the model has also shown to be in good agreement
with the experimental observations when changes on the initial
composition of the reaction medium were promoted. A higher
reaction rate was achieved when an excess of either of the reac-
tants was used, as presented in Fig. 5, where the rates for mixtures
with an initial acetaldehyde to glycerol molar ratio of 0.5, 1.0 and
2.0 are compared. However, the greater difﬁculties in predicting
the effect of this parameter on the kinetic behaviour, when com-
pared with the effect of temperature, might be related with the
major impact that changes in the reaction medium composition
Fig. 6. Effect of the solvents molar fraction on the reaction rate (P = 8.0 bar;
T = 323 K; racet/gly = 1.0; stirring speed of 500 rpm). The full lines represent the
conversion estimated by the model.
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ture that could not be accounted for due to the previously men-
tioned reasons.
On the other hand, the reaction proceeded at lower rates when
the solvent amount was enlarged due to the dilution factor applied
to the reactive species (Fig. 6). Molar fractions of 0.25, 0.50 and
0.75 of dimethyl sulfoxide were studied.
The increase of the catalyst loading from 0.15 wt% to 0.30 wt%
lead to an increasing on the experimental reaction rate of approx-
imately 50% (Figs. 4–6), estimated by the initial reaction rate meth-
od. A similar increase was observed for the model prediction.
The parametric study performed showed that the model is able
to predict the effect of changes in the design variables. In order to
make a more objective assessment of the quality of the ﬁtting of
the experiments, considering the parameters estimated for the
mathematical model implemented, its correlation coefﬁcient was
computed (Eq. (12)). The value determined was 0.980, indicating
that the model describes with high accuracy the kinetic behaviour
of this reaction over the wide range of experimental conditions
tested.
R2 ¼ 1
PNE
i¼1
PNP
j¼1 X
exp
i;j  Xmodi;j
 2
PNE
i¼1
PNP
j¼1ðXexpi;j  X

expÞ
2 ð12Þ
To conclude, the values obtained for the kinetic parameters of the
reaction for the synthesis of GEA in the presence of dimethylFig. 4. Effect of the temperature on the reaction rate (P = 8.0 bar; racet/gly = 1.0;
xsolv = 0.5 (n/n); stirring speed of 500 rpm). The full lines represent the conversion
estimated by the model.
Fig. 5. Effect of the reactants molar ratio on the reaction rate (P = 8.0 bar; T = 323 K;
xsolv = 0.5 (n/n); stirring speed of 500 rpm). The full lines represent the conversion
estimated by the model. The full lines represent the conversion estimated by the
model.sulfoxide were compared with the values obtained in a previous
work for the solvent free reaction, for which the authors have deter-
mined an activation energy of 51.2 kJ mol1 [24]. The difference to
the value reported hereby (approximately 35%) may rely on several
factors. First of all, the prior model (in the absence of solvent) has
been described in terms of activities [24], while the model for this
new system (in the presence of dimethyl sulfoxide) does not ac-
count for the non ideality of the liquid phase, due to lack of param-
eters for the computation of the activity coefﬁcients (namely, the
binary interaction coefﬁcient between dimethyl sulfoxide and the
aldehyde group of the UNIFAC method). Additionally, the inﬂuence
of the temperature on the adsorption equilibrium was not consid-
ered for the reaction in the presence of the solvent as previously de-
scribed, since the number of parameters to be estimated would not
allow a reliable determination of their values. As a consequence, the
enthalpies of adsorption, and their impact on the adsorption con-
stants and in the reaction rate according to the Langmuir–Hinshel-
wood–Hougen–Watson model, might have a slight inﬂuence on the
activation energy value. Finally, the high polarity of dimethyl sulf-
oxide and its corresponding afﬁnity towards the resin, where it is
expected to adsorb strongly, might be leading to the hindering of
some of the available active sites of the catalyst, decreasing the
overall reaction rate. The direct comparison between the adsorption
constant values here reported and those for the solvent free system
is not allowed. The two models have different considerations over
the non-ideality of the mixture and the values estimated for these
constants are affected by them. However, it is important to mention
that, as expected due to the well-known high afﬁnity of water to-
wards ion exchange resins, as Amberlyst-15, a higher adsorption
capacity was estimated for water than for dimethyl sulfoxide. Nev-
ertheless, it is important to underline that no direct measurement
of the adsorption constants was performed. Instead, the values pre-
sented were obtained through the ﬁtting of kinetic data. In any case,
it is intended that those values are coherent between them and, if
not accurate, at least they should have some physical meaning.
The simulation of the concentration proﬁles along the catalyst
particles radius allowed the determination of the reaction effec-
tiveness factor, for which a value of 57% was obtained when eval-
uated at 343 K (the highest temperature assessed, at which higher
inﬂuence of the mass transfer resistances is expected) and consid-
ering the average particle diameter of commercial Amberlyst-15,
685 lm.4. Conclusions
Although solvent selection methodologies for different applica-
tions have been the aim of several research works, the authors of
166 R.P.V. Faria et al. / Chemical Engineering Journal 233 (2013) 159–167this study have perceived that for integrated reactive–adsorptive
processes as SMBR, the information on this topic was scarce and
therefore there was a need to develop a concise and prompt meth-
odology for this purpose. The methodology suggested in this paper
comprises a two stage screening. First, an extensive list of the most
commonly used solvents in chemical processes is reduced based on
their properties, reported in the literature. Then, experimental
tests are performed with the solvents selected from the previous
screening step. When the methodology developed was applied to
the synthesis of GEA, through the acetalization of glycerol, cata-
lyzed by Amberlyst-15, dimethyl sulfoxide has demonstrated to
be the most suitable solvent for this reaction, presenting top per-
formances on almost every topic. It proved to be unreactive and
miscible with the reaction medium and most importantly, it pre-
sented an adsorption capacity for the catalyst/adsorbent of the pro-
cess that can predictably reduce the solvent consumption on a
future SMBR unit. Moreover, its use has low health and environ-
mental impact.
Finally, a detailed study of the kinetic of the acetalization of
glycerol was conducted. The mathematical model developed was
able to predict with high accuracy the effect on the reaction rate
promoted by changes in the design variables, with a correlation
coefﬁcient of 0.980. The kinetic law was described by the Lang-
muir–Hinshelwood–Hougen–Watson method. A value of
77.7 kJ mol1 was estimated for its activation energy. When com-
pared with the solvent free reaction, the presence of dimethyl sulf-
oxide appears to have some impact on the reaction performance,
consequence of the dilution factor and the reduction of available
catalyst active sites due to its adsorption.Acknowledgments
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